X-ray diffraction patterns of liquid Hg-In alloys with 5, 12, 25, 35, 42, 50 and 62 atomic percent In were measured at room temperature (25 °C). The interference and radial distribution functions, / (£) and 4 JI r 2 £ (r), respectively, were refined by an error analysis program. The position ^ = 4 n sin &JX of the first peak maximum of I (K) does not change upon alloying, i.e., ATj = 2.29 A -The interference function of In plotted in reduced coordinates K/Kt agrees with that calculated from the hard sphere model with a packing density of 45-%. A small asymmetry of the first peak towards larger K values might be discernible in In, whereas the Hg and Hg-In interference functions show a relatively large asymmetry, and their subsequent peaks appear at larger K/Kt values than those of the hard sphere model and In. The interatomic distances rt and the numbers of electrons ^E in the first coordination shell show only a small deviation from a linear relationship when plotted as a function of concentration.
The addition of trivalent In or Tl into Hg does not produce respective alloys of much different character although these two elements possess structural and electronic differences. There is a large difference between the atomic scattering powers of In and Tl, which fact produces a considerable LAUE monotonic scattering 7 (LMS) in Hg-In alloys and a negligible effect in Hg-Tl alloys. The structure of the former 8 could be explained with a fee model while the latter 9 structure could be explained with a bcc model. The interatomic distances of liquid In (170 °C) and Tl (350 °C) are 3.18 and 3.30 Ä respectively, and each element has about eleven atoms within the first coordination sphere. The DIRAC-SLATER (DS) atomic scattering powers of In do not agree as closely as those of Tl and Hg with those observed from x-ray interference function and radial distribution function (RDF) .
The agreement between the measured and predicted values of the resistivities is worse in liquid In 8 than in liquid Tl 9 . Also the predicted values of the thermoelectric power for liquid In was not as good as those observed in liquid Tl. However, the agreement between the predicted and measured values of the resistivity and thermoelectric power was worst in liquid Hg.
Thus, a dissimilar character of the liquids In and Tl but a similar nature of their alloys Hg-In and Hg-Tl suggest a worthwhile x-ray investigation of these two liquid alloys. We have earlier studied liquid Hg-Tl 10 alloys using x-ray diffraction technique and tried to resolve some of the questions like the formation of molecular grouping in the compound composition Hg5Tl2 , the diffuseness of the peak intensity of the alloy of the first eutectic composition (Hg-8.5 Tl) and whether the free electron model could be applicable to this alloy. Our conclusions were that all the Hg-Tl alloys could be described by a close packed fee model and there was no evidence for molecular grouping in liquid Hg5Tl2 alloy. Besides, an evaluation of the resistivity and thermoelectric power using theoretical model potentials and the substitutional model of FABER and ZIMAN 11 indicated that the disagreement was quite serious for the dilute Hg alloys. This could be a consequence of the Hg pseudopotentials which influence the dilute alloys more strongly in this region than Tl. This effect was found to be destroyed beyond the first eutectic composition. In a recent paper MOTT 12 has suggested that the very low density of states at the FERMI surface, which is lower than the free electron value in Hg, must involve a correction factor in the original ZIMAN 13 theory for liquid metals. Similar effects have been also predicted in liquid Ca, Sr and Ba. Incorporating MOTT'S idea into ZIMAN'S equation, the situation can be improved, i.e., the predicted resistivity of liquid Hg may be increased from 30 to 60 juQcm and the nature of both the predicted and experimental re- Chem. Phys. 45, 1259 Phys. 45, [1966 . 11 T. E. FABER and J. M. ZIMAN, Phil. Mag. 11, 153 [1965] . 12 N. F. MOTT, Phil. Mag. 13, 989 [1966] . sistivity-concentration plot can be made to look alike. Still the predicted values of the resistivity of Hg and its alloys fall much below the experimental values (for Hg the experimental value of the resistivity is 96 /xQcm).
Presently, we shall describe an investigation on liquid Hg-In alloys using x-ray diffraction technique and attempt to see if results similar to the ones found in Hg-Tl are obtained. The atomic distribution functions will be used for structural information and the free electron model theory will be applied for an evaluation of the transport properties. The results will be compared with the available experimental values.
I. Experimental
Hg-In alloys of compositions 5, 12, 25, 35, 42, 50 and 62 atomic per cent In were prepared using triply distilled Hg and 99.999% pure In. Chances of oxidation were prevented by using a dry box and 80 per cent helium and 20 per cent hydrogen gas mixture. The alloy specimens and pure Hg were studied at room temperature 25 °C in a plexiglass sample holder, whereas pure In was heated to 170 °C in a pyrolytic graphite boat 8 . The experimental arrangements for the alloys were similar to that of the Hg-Tl systems 10 . The high temperature setups have been described in our earlier publications 8 ' 9 ' 14 . The diffracted intensities were measured on a theta-theta diffractometer with monochromatized MoKa radiation between 2 # = 8° and 130°. An interval of 0.25° in 2$ was selected for scattering between 8" and 30° and it was increased to 0.50° in 2 # between 30° and 130°. Every time pure Hg and tungsten powder were used to check; the diffractometer alignment and stability of the incident beam.
The corrections of the background, COMPTON and LAUE monotonic scattering were applied. The absorption and polarization effects were corrected and then the measured intensity was converted to electron units, i.e., /eu* 1 (^0» where ^C = 4jisin The high angle (HA) and RDF method of normalization procedures were followed. A detailed account of the error analysis and normalization procedure is available elsewhere 7 .
II. Results

A. Measured Intensity
The intensity of the coherent scattering in electron units (eu) from a binary alloy can be writen 10 as:
i=i i=l is the average density and £>(r) represents the radial density or the pair distribution function, c,-and fi are respectively the atomic concentration and atomic scattering factors of the elements. The interference functions defined by
were calculated. This function was then used to determine the RDF: oo 4ar 2 e(r) = 4*tr 2 ,o0 +
o
B. Pair Distribution and Interference Function
The radial density function g(r) is given by
where iOj/(r) is the number of atoms of type j per unit volume at a distance r from an atom of type i. It is easily seen that 2 Qi{r) =2\Qa(r) and ^^(r) (5) 1-1 Therefore, the radial density ,£>(r) can be written as:
The coherently scattered radiation 7eu b (K) [Eq.(l)] can be obtained in terms of the partial interference function 15 7i;-(K):
i=1 ;'=1 oo where 7i;-(£) = 1 + J 4 n r 2 -£0] dr = 7;i (K). 
oo where /,(*) = | Ci7y(£) =1+ J4^r 2 [^(r) -,o0] "f^dr.
The refined interference function plots [Eq. (2) ] are shown in Fig. 1 . These were refined through the function G{r) =4?r -,o0] which are plotted in Fig. 2 . The refinement procedure has been discussed in our earlier papers 8 ' 9 . The peak maximum positions of the interference functions were determined from the enlarged refined plots, and are 5 10 given in Table 1 . The interatomic distances obtained from the RDF plots [ Fig. 3 ] and pair probability function P(r) = ^(r)/o0 are shown in Table 2 . The macroscopically measured 16 values of £>0 of the alloys were employed.
C. Coordination Numbers and Number of Electrons in the First Coordination Shell
The coordination number was calculated with the equation rj = j\jir 2 e(r)dr. The values of r0, r2 and rj are given in Table 2 . The total number of electrons in the first coordination shell was calculated from
where
Zi is the atomic number of the element i. rj^ c an a l so be expressed 17 as + (13) where rfe is the coordination number in a random solution. The quantity JrjE represents a deviation from the linearity of the plot rjE versus c. The rj^-c plot is shown in Fig. 4 . 
D. Electron Transport Properties
The electrical resistivity and thermoelectric power were evaluated with the refined interference functions and ANIMALU and HEINE 18 pseudopotentials. For calculation of resistivity and thermoelectric power the FABER and ZIMAN 11 equation for the random model was used. The justification for using this model will be discussed in the next section. However we will give here the basic equations that lead to the determination of the resistivity and thermoelectric power.
If it is possible to study an alloy whose atoms are distributed in a random way, we will have
Similarly the interference functions will yield:
Eqs. (14) and (15) greatly simplify the form of the equation representing the scattering cross section as a function of the pseudopotential elements of the solute and solvent ions. The general equation for the scattering cross section, i. e.,
where Ui(K) is the matrix element of the pseudopotential of element i. Then the resistivity IOR and thermoelectric power Q can be computed from
and where the average atomic density ,o0 will appear in the numerator of Eq. (17). Another point we wish to mention is that the values Ui(K) are usually given as a function of K/2 ky where ky is the FERMI radius of element i. In the alloys it is necessary to know the pseudopotential elements Uj(K) to a value of (2 M Alloy which might be larger than (2 ÄrF)Eiement of type i.
III. Discussion
A. Interference Function
Since the measurements for all liquid alloys were made at 25 °C, except for In, all our discussion should refer to a study of their structures at temperatures which are 45 to 65 °C above the liquidus temperature. A temperature variation of 20 °C should be unimportant to produce any significant structural change in the liquid alloys 9 .
The position K1 of the first peak maximum in the interference function I (K) does not change upon alloying In into Hg, i.e., K1 = 2.29Ä~1. Only a small variation can be observed in the position K2 of the second peak maximum. In Hg-Tl alloys, Kl was found to change slightly from 2.29 A -1 for Hg to 2.26 A -1 for Tl. The exact determination of Kl has been of considerable importance because of its strong influence on the value of the predicted electron transport properties. As mentioned above, the position K1 and the height I(K±) of the first Hg peak maximum were used for repeated checks of the alignment of the diffractometer 8 .
Liquid In can be reasonably well described 8 by the hard sphere (HS) model using a packing density d =ci,o0 D 3 /6 = 0.45. This leads to a hard sphere diameter of D -2.86 Ä. As the density of closest packing in solids is dc = 0.74, it is easy to see that djd= 1.65 which agrees with the value calculated by FURUKAWA 19 from a quasi-face-centered cubic lattice model of liquids. The reduced interference function I(K') is plotted in Fig. 5 Liquid Hg, however, shows a large asymmetry of the first peak, also described as a shoulder 21 , when compared with HS of packing density d = 0.45 or Ag. This has been interpreted as a consequence of the presence of /?-Hg structure above the melting point in the predominantly a-Hg-like liquid 21 . Part of the asymmetry of Hg, when compared with Ag, or Au as done by RIVLIN et al. 21 , is due to the fact that the second peak occurs at larger values of K = K/Kx than that of the close packed liquid Ag. As shown by KAPLOW et al. 22 when comparing atomic distribution functions with a quasi-fcc or hep model, liquid Hg does not fit such a close packed model. This deviation has been interpreted by HEINE and WEAIRE 23 as a consequence of the proximity of the position K0 = 2.39 Ä -1 where the first zero of the pseudopotential matrix elements occurs, and the value of Kx = 2.29 A -1 of the first peak maximum of the interference function of Hg. A similar but smaller effect should also be observed in In where K0 = 2.47 A -1 and Kt = 2.29 A -1 , and, as mentioned above, a slight asymmetry might be discernible in the first peak of / {K).
B. Atomic Distribution Functions
The G(r) and RDF plots (Figs. 2 and 3) do not show any structure other than the pure liquids. Indeed, the reduced distribution functions G(r) of pure Hg and pure In are rather similar, only the positions of the first and second peaks are at slightly higher values in liquid In. Therefore, one does not expect drastic changes in the alloys. The broadening of the peaks in the RDF curves are found to increase gradually. As shown in Fig. 6 the weighted interatomic distances rx increase linearly from 3.05 A for Hg to 3.11 A for 62 atomic per cent In alloy. The value of rx for pure In measured 8 at 170 °C was found to be 3.18 A. The rx vs. concentration plot shows a slight negative deviation from a linear relationship (VEGARD'S law), which is a consequence of the heavy weight of the Hg atoms in the radial density f>(r). In Hg -Tl alloys a positive deviation from VEGARD'S law was found 10 .
Somewhat larger values of rx were obtained by KIM et al. 24 in an earlier study on Hg-In alloys. We believe that this was the result of a large damping factor exp(-y K 2 ) applied to the measured interference function I(K) in order to reduce the weight of I(K) at large values of K in the FOURIER transformation. This effect is similar to the reduction of the limit of integration Kmax which also increases the values of rt 14 . The coordination number r\ increases from 10 atoms in Hg to 11 atoms in pure In. The number of electrons in the first coordination shell decreases almost linearly with increasing In concentration (Fig. 4) , which indicates that Hg-In alloys are rather random solutions 17 .
No anomalies were observed either in the case of the 12 atomic per cent In or 50 atomic per cent In alloys which are the intermediate phases. The y?-phase (~ 12 per cent In) is believed to be tetragonal 25 , whereas the compound Hgln is said to be ordered, but its structure has not yet been established.
The molar heat of mixing of Hg-In alloys is negative, but rather small, reaching a minimum value of -540cal/g atom at 50 atomic per cent In. This indicates that Hg-In alloys tend to be rather random solutions. This supports the fact that rjE deviates little from a linear law when plotted as a function of concentration. KIM et al. 24 calculated the shapes of the first peak in the RDF for the alloys assuming a random superposition of the pair Hg-Hg, Hg-In and In-In centered at 3.15, 3.22 and 3.30 Ä respectively, which agreed well with their observed curves.
C. Change of Resistivity with Concentration
The electrical resistivity of the liquid alloys has been evaluated with the measured interference function I(K) and the theoretically calculated potential elements assuming that the alloys are random solutions, i.e., Ii(K) = Iij{K) = I (K). If the weighted interference functions do not show any observable change upon alloying between 0<£< 2 kp , in particular if the positions and heights of the first peak maximum do not change, it is reasonable to assume that 7t(K), I2(K) and /i2(^) are approximately equal below 2 kF . This condition was fulfilled in the Hg-In alloys, i. e., in these alloys the change in resistivity was mostly due to the change in 2 kF with concentration.
All that we have said above is equivalent to using the equation for the substitutional model, which has been described by FABER and ZIMAN u . It may be pointed out however that the use of the substitu- tional model, as it is, has some additional requirements, i.e., the atomic volumes of the two components should be equal, the replacement of a solvent ion by a solute ion should occur without creating a change in the scattering and the dilatation effect of the solvent by a solute atom is negligible. It seems therefore probable that the random model is a good approximation below 2 kF for evaluating the transport properties of liquid Hg-In alloys.
The predicted and experimentally measured values of the resistivities are shown in Fig. 7 predicted resistivities are smaller and increase first from 30 //i3cm for pure Hg to 43 /J-Qcm for 35 atomic per cent In alloy. Beyond this point the predicted values are comparatively less far off the experimental curve, and the shape of both the curves is almost similar. Indeed, for Hg-Tl alloys similar results were obtained. Remarkably, in each of the alloys the predicted shapes agree well with the experimental ones right after the first eutectic composition.
The disagreement in the dilute Hg alloys originates with the Hg structure. It has been of great interest 12 ' 23 recently to solve the problem of Hg based on its various experimental results which can not otherwise be explained with the general approach followed in other divalent metals like Zn. The very low melting point of Hg has been considered to be an indication of a different type of electronic structure in Hg from other group II metals. MOTT 12 suggested that the density of states near the FERMI level in Hg falls below the free electron value. This idea of MOTT introduces a correction factor g~2 in the original ZIMAN equation n . Therefore, the equation for resistivity now becomes:
where g is the ratio between the two density of states, i.e.
, g = N(EF)/[N(EF)
]Free Electron • The value of g is speculative rather than experimental For liquid Hg we find that the corrected value of resistivity is 60 juQcm if we assume g~2 = 2. Even then the disagreement does not disappear. Now supposing that the disagreement in pure In was for a reason other than the low density of states, as in Hg, we can explain the resistivity-concentration plot between pure Hg and 35 atomic per cent In alloy. Using g~2 = 2 for Hg, let us say g~2 = 1 for 35 atomic per cent In alloy and make a linear interpolation between these two points against concentration. This will then give us g~2 values for all the points between Hg and 35 atomic per cent In alloy. Indeed, with these interpolated values of g~2 we will get points which will be close to the smooth curve passing through the Hg point. The corrected values are given in Let us now turn our attention to the point where the density of states of the alloys becomes approximately equal to that of a free electron liquid. BRAD-LEY 28 has measured the pressure dependence of resistivity and thermoelectric power for liquid Hg-In alloys and noted that the effect of alloying and increasing the pressure on the density of states will tend to decrease the minimum of N(E) versus E plot [ Fig. 1 of ref . 28 ] and g will approach unity. With alloying he found that the density of states becomes free electron like above about 20 atomic per cent In. The measurements of spin paramagnetic susceptibility 29 ' 30 of Hg-In alloys indicate that the PAULI-LANDAU susceptibility agrees with the free electron theory beyond 35 atomic per cent In. It is believed 29 that the deviation in the dilute alloys and pure Hg can be understood from the low density of states of Hg near the FERMI level. The change in KNIGHT shift, i. e., AS/S has been measured by SEYMOUR and STYLES 31 as a function of concentration for the In resonance in liquid Hg-In alloys. In the above S = 8 ji/3 Q xP PF is the shift with Q = atomic volume, Xp = electron spin susceptibility per unit volume and PF = average probability density at the nucleus for electron at the FERMI level. The behavior of their ZlS/S-concentration curve for Hg-In alloys shows a deviation from the free electron model. However, the experimental curve agrees reasonably well with the calculated curve when using the observed PAULI-LANDAU susceptibilities, as shown by GÜNTHERODT et al. 29 . BUSCH where RR is the experimental value of the HALL coefficients which might deviate from the free electron value. However, more accurate values of the density data could explain 32 the observed discrepancy between the experimental HALL coefficients in Hg-In and Hg-Tl alloys and the free electron values. ANDREEV and REGEL 4 measured the HALL coefficients for liquid Hg-Tl alloys and concluded that in liquid Hg-Tl as well as in Hg-In alloys the density fluctuation of the scale of short range order produce favorable conditions for the appearance of a higher valence in heavy metal atoms. This is equivalent to saying a higher kF should be used and coincides with the interpretation of BUSCH and GÜNTHERODT 32 . From these arguments we reasonably believe that the density of states of the alloys becomes approximately equal to that of the corresponding free electron liquid after about 30 atomic per cent In.
D. Thermoelectric Power
The experimentally measured value of the thermoelectric power Q for Hg at 25 °C is -5 iaY/°K whereas our predicted value is 1.22 juV/°K. Disagreement similar to this has been reported by SUNDSTRÖM 33 whose value was 1.38ju\/°K.
In calculating the pseudopotentials it was assumed 18 that U (K) was independent of the state vector k. This assumption may not be too serious as far as the calculations of the resistivities are concerned, but an evaluation of the thermoelectric power has been found to be strongly affected by it. BRADLEY et al. 34 pointed out that the pseudopotential for Hg depend upon the energy near the FERMI surface. In other words, the matrix elements linking the incident and scattered wave should depend upon the angle of the scattering, i. e., K as well as k. Allowing for this k dependence correction of the pseudopotential, we get:
where Phil. Mag. 11, 657 [1966] .
A value q = -10 was postulated by BRADLEY et al. 34 but the later work of SUNDSTRÖM 33 states q = -1.2. There is a difficulty in using the latter value of q\ first, because it does not eliminate the observed disagreement and secondly, it postulates the existence of a virtual bound state near the FERMI energy, which is rather unlikely. In the absence of any numerical value of the dependence of U (K) on k, although the problem has been theoretically treated by ANIMALU and HEINE 18 , we shall use q = -10 for Hg and correct our predicted values. The plot obtained with the corrected Hg point for Q values are shown in Fig. 7 . Assuming again that the anomalous effect of Hg is affecting the first three points and allowing for their corrections from a linear interpolation, it can be shown that the agreement is reasonably good. The explanation we wish to offer regarding the absence of the small peak 2 near 5 atomic per cent In is the difference of temperature. From the experimental curves it is evident that the peak becomes sharper with higher temperature. Similar effects have been observed in Hg-Tl alloys 15 . The quantity q does depend on temperature and consequently q . Most of the contribution to q for a change of temperature comes from / (K) rather than U (K). An alternative explanation of the small peak present in the experimental curve has been offered by MOTT 12 and later by BRADLEY 28 in his recent paper. He argued that because Q is proportional to (dojdE)E = Ep , where o is the electrical conductivity, it should depend on the slope of the density of states curve (dN (E) /dE) E = EF • For small concentration the quantity x [Eq. (20) ] increases before g becomes sufficiently large in order to make the dip more shallow.
IV. Conclusions
The results of the investigations on liquid Hg-In alloys show that the weighted interatomic distances and the weighted coordination numbers of the alloys are dominated by the more strongly scattering Hg atoms. This then gives rise to a negative deviation from a linear law to be obtained with the points corresponding to the pure elements. The interference functions of the alloys look similar and 34 C. C. BRADLEY, T. E. FABER, E. G. WILSON, and J. M. ZIMAN, Phil. Mag. 7,865 [1962] . the positions of the first peak maximum do not seem to change upon alloying. This fact along with the thermodynamical data, namely the heat of mixing, the change in entropy, and the linear behavior of the density, leads us to conclude that the three partial interference functions which characterize the scattering are approximately equal, at least below K = 2 hp . Therefore one can reasonably assume that the theory of FABER and ZIMAN 11 developed for dilute alloys, should also be applicable to Hg-In alloys. The predicted resistivity plot agrees qualitatively well with the experimental plot if a correction factor for the low density of states for Hg near the FERMI level is used. The change of the resistivity in Hg-In alloys is mostly due to the change in 2 kF and the concentration. Durch Ausbildung kristallographischer Zwillinge in der martensitischen Phase kann in geeigneten Systemen die Gitterverzerrungsenergie reduziert werden. Das ist z. B. bei den Umwandlungen der ßx-Phase im System Gold-Cadmium der Fall. Unter anderem hat das zur Folge, daß die Phasenumwandlungen innerhalb eines engen Temperaturintervalls vollständig zu Ende laufen. Damit ist die Möglich-keit gegeben, mit einem geeigneten kalorimetrischen Verfahren die gesamte Umwandlungsenthalpie unmittelbar während des Reaktionsablaufes zu bestimmen und unter Berücksichtigung der speziellen thermischen und kristallographischen Gegebenheiten einen direkten Einblick in die energetischen Verhält-nisse des Umwandlungsprozesses zu gewinnen.
